1. Background
=============

Growth hormone (GH) has essential biological activities and physiological functions ([@A61385REF1]-[@A61385REF5]). A series of studies showed that GH has more than 300 physiological functions ([@A61385REF6]). Growth hormone receptor (GHR) is widely distributed in the body and more abundant in the liver ([@A61385REF7]). When GH binds to the GHR expressed on the cell membranes, GHR itself and the intracellular GHR-associated Janus kinase2 (JAK2) are activated, after which, several down-stream intracellular signaling molecules, such as signal transducers and activators of transcription (STAT) are phosphorylated. These phosphorylated signaling molecules form dimers and then transfer to the nucleus, where they perform their physiological functions ([@A61385REF8]-[@A61385REF12]).

GH plays an important role in the growth of animals. Liu et al. reported that GH regulation modulating animal growth and development is phase-dependent ([@A61385REF13]). It was reported that the postnatal growth of rodents shows two phases. The first phase lasts up to two weeks postpartum and is GH-independent, whereas the second phase occurs during the third week and is GH-dependent ([@A61385REF14], [@A61385REF15]). In addition, mammalian (such as pigs) growth and development modulated by GH is presented in two phases. One phase is during babyhood (from two days to five weeks) and is GH-insensitive. Another phase is pubertal (after five weeks) and is GH-sensitive ([@A61385REF16]). However, until now, the reason that GH has no role in the growth and development of newborn animals remains unclear. There are several hypotheses about this phenomenon. First, the newborns\' GHR content is lower than it is in adult animals, which may provide an explanation for GH-insensitivity in newborns ([@A61385REF17]-[@A61385REF19]). Furthermore, Martinez et al. showed that GH did not activate STAT5 in newborn mice, indicating that mice are insensitive to GH during this phase ([@A61385REF20]). In addition, Ocaranza et al. also found that GH did not trigger STAT5 and JAK2 in skin fibroblasts from infants compared to prepubertal boys ([@A61385REF21]). However, these studies only evaluated one signaling pathway, STAT5, and it remains unclear whether other pathways are responsive to GH.

In summary, GH functions are very extensive, since GHR is expressed in almost all tissues and it has been reported that GH has more than 300 functions and roles ([@A61385REF6]). However, until now, the reason why GH has no function in promoting the growth and development of newborn animals remains unclear. Therefore, it is very significant to explore the reason why GH cannot exhibit its bioactivities in infancy period, which is helpful to further understand the mechanisms of physiological action of GH.

2. Objectives
=============

The mechanism by which GH functions to promote the growth and development in newborn animals remains elusive. We postulated that it is related to variations in the signaling response to GH during the somatic growth in rats because the functions of GH are mediated primarily by intracellular signaling molecules. The liver is the major target organ of GH ([@A61385REF22]). The current study was designed to evaluate the activation of JAK2, ERK1/2, STAT5, STAT3, and STAT1 in the liver of rats at different time points following GH stimulation. We found that newborn rats lacked an intracellular signaling response to GH, which might explain why GH has no impact on the postnatal growth and development.

3. Methods
==========

3.1. Antibodies and Reagents
----------------------------

Rat GH, HRP-conjugated goat anti-mouse, and anti-rabbit antibodies were obtained from Sigma (USA). Total STAT1 and phospho-STAT1 (Tyr701), total STAT3 and phospho-STAT3 (Tyr705), total STAT5 and phospho-STAT5 (Tyr694), total ERK1/2 and phospho-ERK1/2 (Thr202/Tyr204), and total JAK2 and phospho-JAK2 (Tyr1007/1008) were obtained from Cell Signaling Technology (USA). The enhanced chemiluminescence (ECL) and Difco skim milk were purchased from Pierce (USA). Polyvinylidene fluoride (PVDF) membranes were obtained from Millipore (Bedford, MA, USA). The above-mentioned antibodies and reagents were used for Western blot analysis. Anti-GHR antibody and Fluorescein isothiocyanate (FITC) were obtained from Sigma (USA) and used for indirect immunofluorescence assay. Unless otherwise stated, other reagents were purchased from Sigma-Aldrich (USA). The above-mentioned reagents were used for cell culture.

3.2. Animals
------------

Healthy male Sprague-Dawley (SD) rats (in the same batch) at the ages of one, four, seven, 14, and 21 days were selected randomly. They were purchased from the Animal Experiment Center at Jilin University. The average weights of these rats were eight, 14, 23, 40, and 55 g, respectively. The rats were placed in stable conditions with a 12-h light and 12-h dark cycle photoperiod. Additionally, they were given free access to water and a nutritionally balanced diet. The rats were divided into five ages (n = 6/group): 1-day-old, 4-day-old, 1-week-old, 2-week-old, and 3-week-old. Treatment groups received rat GH (n=3/group) and control groups were injected with normal saline (n = 3/group). The research was conducted in accordance with the guidelines of the Review Committee for the Use of Animal Subjects of Jilin Agricultural University.

3.3. Isolation and Culture of Primary Rat Hepatocytes
-----------------------------------------------------

The rats were anesthetized using pentobarbital (100 mg/kg). The abdominal cavity was opened, the livers were fully exposed, and the inferior vena cava and hepatic portal vein were exposed. The livers were perfused according to our previous methods with slight modifications ([@A61385REF5], [@A61385REF23]). First, D-Hanks' buffer was infused into the inferior vena cava for 10 min and the hepatic portal vein was cut open. Then, Hanks' buffer containing 0.025% (w/v) IV collagenase was perfused for 10 min. The livers were excised, removed to a culture dish, minced, and passed through a 70-micron sterile nylon mesh. The resulting cell suspensions were centrifuged and the precipitate was resuspended in the culture medium. The viability of rat hepatocytes was assessed as approximately 85% by trypan blue dye exclusion. The cells were cultured with the maintenance medium (penicillin, streptomycin, and DMEM with 1% FBS) for the experiment.

3.4. Tissue Collection
----------------------

The rats of different ages (1-, 4-day-old, and 1-, 2- and 3-week-old) (n = 6/group) were anaesthetized using pentobarbital (100 mg/kg) (5, 11) and then received 2 mg rat GH per kilogram ([@A61385REF20], [@A61385REF24], [@A61385REF25]) of body weight by inferior vena cava injection (n = 3/group) between the hours of 8 o'clock and 11 o'clock in the morning ([@A61385REF24]). The control groups were injected with normal saline during the same period (n = 3/group). The rats were sacrificed by exsanguination via cardiac puncture 25 min after the injections, and the livers were removed and placed into liquid nitrogen for 1 or 2 min and then stored at -80 °C.

3.5. Protein Extraction
-----------------------

The processes of protein extraction referred to our previous methods ([@A61385REF12]). Briefly, a total of 100 mg tissue was ground in liquid nitrogen. The tissue was disrupted in 0.5 - 1 ml precooled cell lysis buffer (RIPA kit purchased from Pierce) (with 1000 µl phosphatase inhibitors, 100 µl proteinase inhibitor, and 1000 µl PMSF per 100 ml lysis buffer). The samples were shaken at 4 °C for 10 - 15 min and centrifuged at 10,000 rpm and 4 °C for 5 min. The protein level was measured using the Coomassie brilliant blue method. According to the protein level, 80 µg of total protein was mixed with loading buffer (5X). They were heated to 100 °C for 5 min for protein denaturation and stored at -20 °C until immunoblotting.

3.6. Western Blotting
---------------------

A total of 80 μg total protein was loaded onto 4% to 10% SDS-PAGE gels. Then, the protein samples were transferred to PVDF membranes (0.22 μm). The membranes were incubated with 5% skim milk for 1 h at 37 °C. The membranes were then washed three times for 10 min each in TBST buffer (0.1% Tween 20, 0.1 M NaCl, 10 mM Tris-HCl, pH 7.2 - 7.4). After washing, the membranes were incubated overnight at 4 °C with phospho- or total-STAT1, STAT3, JAK2, phospho-STAT5a/b, ERK1/2, total-STAT5a/b, or ERK1/2 antibodies according to the manufacturer's specifications. In the next day, the membranes were incubated with HRP-conjugated secondary antibody at 37 °C for 1 h after three washes for 10 min each in TBST buffer. Immunoreactive proteins on the membranes were detected using the ECL detection system.

The membranes were stripped for 30 min at 37 °C by incubation in stripping buffer for reblotting. The blots were washed, then reblotted, and immunolabelled as described above.

3.7. Densitometric Analysis
---------------------------

The densitometric analysis of the immunoreactive protein bands was performed using Quantity One® software (developed by BioRad Technical Service Department, USA; LSG. TechServ. US\@BioRad.com).

3.8. Indirect Immunofluorescence Assay
--------------------------------------

GHR expression in hepatocytes from newborn rats was evaluated by indirect immunofluorescence assay with slight modifications ([@A61385REF26]). Briefly, the primary rat hepatocytes were fixed with 4% paraformaldehyde and permeabilized with Trixon-100. Then, the hepatocytes were blocked with 3% BSA for 1 h. After washing the cells with PBS three times, they were incubated with anti-GHR antibody. Subsequently, the cells were washed and treated with FITC-conjugated secondary antibody at 37 °C for 1h in the dark. After washing, the cell nuclei were stained with Propidium Iodide (PI) (red) for 15 min at room temperature. The cells were observed by a laser scanning confocal microscope (CLSM, Olympus FV1000).

3.9. Statistical Analysis
-------------------------

Data are presented as mean values ± standard error (S.E.). Statistical analysis was performed using independent-sample T test with the Statistical Analysis System (SAS) software (SAS version 9.0, Institute Inc., Cary, NC, USA). P \< 0.05 was considered statistically significant.

4. Results
==========

4.1. GHR Expression on Hepatocytes from Newborn Rats
----------------------------------------------------

First, we evaluated GHR expression on hepatocytes obtained from newborn rats after stimulation with GH, as shown in [Figure 1](#A61385FIG1){ref-type="fig"}. We observed GHR expression on hepatocytes from newborn rats, which was mainly localized in the cell membranes and cytoplasm. The control antibody showed no positive staining (data not shown).

![Evaluation of GHR expression on hepatocytes obtained from new-born rats\
The hepatocytes were isolated from newborn rats at the age of 1-day (A), 4-days (B), 1-week (C), 2-weeks (D), and 3-weeks (E). The cells were fixed with 4% paraformaldehyde. The cells were then blocked with 3% BSA for 1 h. After washing the cells with PBS three times, they were incubated with anti-GHR antibody. Subsequently, the cells were washed and treated with FITC-conjugated secondary antibody at 37 °C for 1 h in the dark. The cells were observed by laser scanning confocal microscope (CLSM). Bar = 10 µm. GHR (green): FITC conjugated anti-GHR; PI (red): Propidium Iodide stained the cell nuclei. Confocal images shown represent at least three separate experiments.](ijem-16-03-61385-g001){#A61385FIG1}

4.2. Basal Expression Level of JAK2, STAT5/3/1, and ERK1/2
----------------------------------------------------------

To assess the basal expression level of intracellular signaling proteins (JAK2, STAT5/3/1, and ERK1/2) at each age point, the Western blot analyses were performed. We determined that the basal expression levels of JAK2, STAT5/3/1, and ERK1/2 were similar in all groups.

4.3. JAK2 Phosphorylation
-------------------------

We detected the phosphorylation of the intracellular signaling protein JAK2 in postnatal rats between one day and three weeks of age after GH stimulation. JAK2 phosphorylation in newborns ([Figure 2](#A61385FIG2){ref-type="fig"}) showed that the ratio of phospho-JAK2/JAK2 was similar within the first week, both in the absence or presence of GH. However, at one week, two weeks and three weeks of age, we evaluated JAK2 activation and found that the phosphorylation level of JAK2 was maximal in 3-week-old rats.

![Activation of JAK2 in postnatal rats at 1-day, 4-days, 1- week, 2-weeks and 3-weeks\
Rats from 5 age groups were injected by growth hormone (2 mg/kg of body weight) (filled bars) or saline (open bars) in the inferior vena cava. They were sacrificed after 25 min and their livers were removed. Equal amounts of solubilized liver protein were checked by Western blot. Results are expressed as mean ± SD of three separate experiments. \*p \< 0.05](ijem-16-03-61385-i001){#A61385FIG2}

4.4. STAT5/3/1 Phosphorylation
------------------------------

We assessed the phosphorylation of the intracellular signaling protein STAT5 in postnatal rats between one day and three weeks of age. As indicated in [Figure 3A](#A61385FIG3){ref-type="fig"}, we found that STAT5 was activated in the 1-, 2-, and 3-week-old rats. It was highly significantly different compared to the negative controls. Furthermore, the response of STAT5 protein activation was not observed within the first week in the newborn rats under the same cell culture conditions, which suggests that STAT5 has no response in rats within the first week.

![Abundance of phosphorylated proteins in livers of different age group rats (1-day-old, 4-day-old, 1-week-old, 2-week-old and 3-week-old) in response to GH\
A, phosphorylated STAT5 protein amount; B, phosphorylated STAT3 protein amount; C, phosphorylated STAT1 protein amount. The rats were injected with GH (2 mg/kg of body weight) (filled bars) or saline (open bars) in the inferior vena cava. To determine protein activation, equal amounts of solubilized liver protein were assessed by Western blots. Results are expressed as mean ± SD of three separate experiments. \*p \< 0.05](ijem-16-03-61385-i002){#A61385FIG3}

As shown in [Figure 3B](#A61385FIG3){ref-type="fig"}, no differences were found for STAT3 phosphorylation in 1-day, 4-days, and 1-week newborn rats, which suggests that STAT3 has no response in rats during the second week. It also suggests that STAT3 has no response in rats during the second week after birth. In addition, phospho-STAT3 was observed in 2- and 3-week-old rats, which indicates that the signaling response has occurred.

Similar to STAT3, the GH-induced phosphorylation of STAT1 could not be detected within the second week of newborn rats, which suggests that STAT1 also has no response within the second week. However, we detected phospho-STAT1 in 2-week-old and 3-week-old rats, as shown in [Figure 3C](#A61385FIG3){ref-type="fig"}. The expression level of phosphorylated STAT1 was maximal at three weeks of age.

4.5. ERK1/2 Activation
----------------------

We could detect the activation of ERK1/2 in 4-day, 1-week, 2-week and 3-week rats by Western blot analysis ([Figure 4](#A61385FIG4){ref-type="fig"}). Furthermore, we did not detect ERK1/2 phosphorylation by the fourth day, which suggests that ERK1/2 has no response in the fourth day after birth. This result indicates that the ERK1/2 signal was responsive to GH four days after birth.

![The ERK1/2 protein could not be activated in postnatal rats at 1-day but was activated in 4-day, 1-week, 2-weeks and 3- weeks rats\
Rats were injected by growth hormone (2 mg/kg of body weight) (filled bars) or saline (open bars) in the inferior vena cava and sacrificed after 25 min. Then, the livers were removed. Equal amounts of protein were analyzed by Western blot. The figures are at least three separate experiments, and data are the mean ± SD of three independent experiments.](ijem-16-03-61385-i003){#A61385FIG4}

5. Discussion
=============

GH plays an important role in the animal somatic growth and development. However, current information indicates that the postnatal physiological functions exhibited by GH show phase-dependent properties. Postnatal rodents, such as mice, exhibit two phases of rapid growth and development. The first and the most rapid phase is perinatal, which is GH-independent. Moreover, after the first phase, the second phase occurs that is GH-dependent. Subsequently, the mice enter a "plateau of growth" with low-speed growth. Researchers have long-term studies in this phenomenon, but until now, it has remained unclear. Therefore, we explored why newborn rats are not responsive to GH from the perspective of intracellular signaling pathways.

In previous studies, researchers showed that GH has no growth-promoting effect on somatic growth during the early postnatal period due to low GHR expression or immature GHR forms ([@A61385REF17]). However, it was reported that GHR is expressed in newborn rats ([@A61385REF27]) and in the rat fetus ([@A61385REF28], [@A61385REF29]). In this study, we evaluated GHR expression on hepatocytes and found that it has no significant difference in each growth period of newborn rats. Thus, it may not be the main reason for GH insensitivity in newborn rats. We postulated that the variations in GH sensitivity during somatic growth of rats are also associated with the changes of the other important signaling protein molecules, such as STAT1/3, JAK2, and ERK1/2. Therefore, we used newborn rats as animal models and focused on the activation of intracellular signaling proteins in addition to STAT5.

In this work, we assessed the content of intracellular signaling proteins. Basal STAT3 and STAT1 were expressed during the second week in newborn rats. By contrast, STAT3/STAT1 phosphorylation was only detected in 2-week-old and 3-week-old rats after 20 min of rGH stimulation in hepatocytes ([Figures 3B](#A61385FIG3){ref-type="fig"} and [3C](#A61385FIG3){ref-type="fig"}). It suggests that phospho-STAT3/1 signaling proteins were not detected in 1-, 4-day, and 1-week-old rats, reflecting that the reason for the GH-independent growth in newborn rats is that STAT3 and STAT1 could not be triggered by GH in the liver. In addition, it is well known that suppressor of cytokine signaling (SOCS) family and protein tyrosine phosphatases (PTPs) are involved in negatively regulating GH signaling. Recent studies have shown that Cytokine-induced suppressor (CIS, a membrane of SOCS family) and PTPs were presented with higher levels before one week of age, which declined thereafter ([@A61385REF20], [@A61385REF30]-[@A61385REF35]). Therefore, the reason STAT3 and STAT1 could not be triggered by GH in the first few postnatal days maybe due to the high levels of CIS and PTPs. Of course, we cannot rule out other unknown factors.

JAK2 plays key roles in GH signal transduction and GH-induced activation of JAK2 could recruit a variety of signaling proteins ([@A61385REF36]). The basal JAK2 expressions were detectable in 1-day and 4-day-old newborn rats and were comparable with the 1-, 2-, and 3-week-old rats. Nevertheless, the pattern of JAK2 phosphorylation was different: no JAK2 phosphorylation was observed in 1-day-old and 4-day-old newborn rats ([Figure 2](#A61385FIG2){ref-type="fig"}). This implies that downstream signaling proteins were not activated in rats during the first postnatal week. In addition, we observed increasing STAT5 activation in 1-, 2-, and 3-week-old rats but not in 1- or 4-day-old rats after stimulation with rat GH ([Figure 3A](#A61385FIG3){ref-type="fig"}). These results suggest that the JAK2-STAT5 signaling pathway was not activated during the first week, which is consistent with a recent study by Carolina S. Martinez ([@A61385REF20]).

In addition, we detected the intracellular signaling proteins ERK1/2 phosphorylation in 4-day-old and 1-, 2-, 3-week-old rats, but it was not detected in 1-day-old rats ([Figure 4](#A61385FIG4){ref-type="fig"}). ERK1/2 signaling cascade is activated by a wide variety of receptors involved in growth and differentiation including receptor tyrosine kinases (RTKs), integrins, and ion channels ([@A61385REF37], [@A61385REF38]). In the present study, we did not detect ERK1/2 phosphorylation in 1-day-old rats, but it was detected in 4-day-old and 1-, 2-, and 3-week-old rats ([Figure 4](#A61385FIG4){ref-type="fig"}), indicating that ERK1/2 signaling was not activated by GH in 1-day-old rats. Although ERK1/2 phosphorylation was detected at 4 days of age, it may not be induced specifically by GH. It remains possible that ERK1/2 was activated by another stimulating factor at this time point; indeed, we observed that ERK1/2 could be activated in the absence of GH stimulation (data not shown).

In this work, we observed that most of the growth hormone signaling molecules did not respond to GH in the first few postnatal days, reflecting that GH might have no function in growth promotion in this period of life. Additionally, the pattern of JAK2, STAT3, STAT1, and ERK1/2 phosphorylation exhibited an upward trend with age. The reason for the possible lack of growth hormone effect in the liver hepatocyte in the early life period could be explained by the following: 1) the growth-promoting effect of GH is tissue-specific and is associated with physiological stage ([@A61385REF22], [@A61385REF39]); 2) the phosphorylation level of the intracellular signaling protein is lower during the first few postnatal days than during the second and third weeks of age, which may lead to the inability of GH to promote growth in early life.

In conclusion, according to the present study, the GH signaling molecules, such as JAK2, STAT3, STAT1, and ERK1/2, were not activated by GH in the liver hepatocytes during the newborn period, indicating that newborn rats hepatocytes are not responsive to GH. It may provide an explanation for why GH has no role in postnatal growth and development. However, the reason that GH cannot activate JAK2, STAT3/1, and ERK1/2 is not fully understood in newborn rats and further studies are necessary, which is also the direction of our next work.

This work was supported by the National Natural Science Foundation of China (Grant number 31672511, 31602022).
